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An inconvenient truth about xylem resistance to embolism in the 5 
model species for refilling Laurus nobilis L. 6 
 7 
Key message  8 
Direct, non-invasive X-ray microtomography and optical technique observations applied in 9 
stems and leaves of intact seedlings revealed that laurel is highly resistant to drought-induced 10 
xylem embolism. Contrary to what has been brought forward, daily cycles of embolism 11 
formation and refilling are unlikely to occur in this species and to explain how it copes with 12 
drought. 13 
 14 
Abstract 15 
Context There has been considerable controversy regarding xylem embolism resistance for 16 
long-vesselled angiosperm species and particularly for the model species for refilling (Laurus 17 
nobilis L.).  18 
Aims The purpose of this study was to resolve the hydraulic properties of this species by 19 
documenting vulnerability curves of different organs in intact plants. 20 
Methods Here, we applied a direct, non-invasive method to visualise xylem embolism in stems 21 
and leaves of intact laurel seedlings up to 2 m tall using X-ray microtomography (microCT) 22 
observations and the optical vulnerability technique. These approaches were coupled with 23 
complementary centrifugation measurements performed on 1-m long branches sampled from 24 
adult trees and compared with additional microCT analyses carried out on 80-cm cut branches.  25 
Results Direct observations of embolism spread during desiccation of intact laurels revealed 26 
that 50% loss of xylem conductivity (Ψ50) was reached at -7.9 ± 0.5 and -8.4 ± 0.3 MPa in stems 27 
and leaves, respectively, while the minimum xylem water potentials measured in the field was 28 
-4.2 MPa during a moderate drought season. Those findings reveal that embolism formation is 29 
not routine in Laurus nobilis contrary to what has been previously reported. These Ψ50 values 30 
were close to those based on the flow-centrifuge technique (-9.2 ± 0.2 MPa), but at odds with 31 
microCT observations of cut branches (-4.0 ± 0.5 MPa).  32 
Conclusion In summary, independent methods converge toward the same conclusion that 33 
laurel is highly resistant to xylem embolism regardless its development stage. Under typical 34 
growth conditions without extreme drought events, this species maintains positive hydraulic 35 
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safety margin while daily cycles of embolism formation and refilling are unlikely to occur in 36 
this species. 37 
 38 
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Introduction 41 
Increases in temperature and shifts in rainfall are expected to change the severity and frequency 42 
of drought events worldwide (Dai 2013; Fields et al. 2012). Forests are highly vulnerable to 43 
such changes in climate as drought decreases both plant growth and survival (Barigah et al. 44 
2013; Cailleret et al. 2017; Hogg et al. 2008; Michaelian et al. 2011; Sanchez-Salguero et al. 45 
2012). Global observations of increasing drought-induced forest damage have already been 46 
reported (Allen et al. 2010; Allen et al. 2015), while extreme climatic events are projected to 47 
be more frequent in the next decades (Diffenbaugh et al. 2015; Jentsch et al. 2007; Meehl and 48 
Tebaldi 2004). Global forest diebacks pose a serious threat to biodiversity and ecosystem 49 
services (Anderegg et al. 2016) and improving their forecasting via a better representation of 50 
plant drought resistance in dynamic vegetation models is critical (Anderegg et al. 2015; 51 
Lindenmayer et al. 2012). However, this is only possible through a proper understanding of the 52 
mechanisms underlying plant resistance to water stress. 53 
Recent advances in plant hydraulics have highlighted the close link between drought-54 
induced mortality and resistance to xylem embolism (Brodribb and Cochard 2009; Brodribb et 55 
al. 2010; Choat et al. 2012; Urli et al. 2013; Urli et al. 2014). As the portion of embolised 56 
conduits increases, xylem hydraulic conductivity decreases until water flow stops, inducing 57 
plant tissue desiccation (Sperry and Pockman 1993) and ultimately death (Barigah et al. 2013). 58 
Global surveys of plant vulnerability to drought have shown that plants from xeric 59 
environments are, on average, more resistant to xylem embolism than species from wetter 60 
climates (Choat et al. 2012; Cochard et al. 2008; Maherali et al. 2004). However, debate has 61 
arisen regarding the ability of some techniques to accurately evaluate resistance to xylem 62 
embolism, with studies arguing for their soundness (Hacke et al. 2015; Sperry et al. 2012; Tobin 63 
et al. 2013) while others have indicated the existence of artefacts (Choat et al. 2010; Cochard 64 
et al. 2010; Torres-Ruiz et al. 2014; Wheeler et al. 2013). This has led to major discrepancies 65 
in the interpretation of results (Cochard and Delzon 2013; Jansen et al. 2015; Rockwell et al. 66 
2014), especially as uncertainties remain regarding the water potential of xylem tissues where 67 
refilling has been observed (Brodersen et al. 2010; Charrier et al. 2016; Clearwater and 68 
Goldstein 2005). Plants can be considered highly resistant to hydraulic failure, which likely 69 
occurs only under severe water stress (Brodribb et al. 2010; Choat et al. 2016; Delzon and 70 
Cochard 2014). An alternative hypothesis is that plants show a low-embolism resistance and 71 
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high repair capacity, suggesting the refilling of conduits without the prerequisite of root/stem 72 
pressure (Knipfer et al. 2016; Nardini et al. 2008; Trifilò et al. 2014a).  73 
In this context, there is an urgent need to accurately evaluate drought-induced xylem 74 
embolism formation and repair by real-time, non-invasive methods, avoiding possible artefacts 75 
during measurements. Two state-of-the-art methods offer such an opportunity: (i) X-ray 76 
microtomography (microCT), which has been proven to be a sound method to directly visualise, 77 
at high resolution, the amount of embolised vessels (Brodersen et al. 2010; Choat et al. 2016; 78 
Cochard et al. 2015; McElrone et al. 2013; Nolf et al. 2017) and the pattern of embolism spread 79 
in intact plants (Torres-Ruiz et al. 2016); and (ii) the optical vulnerability technique (Brodribb 80 
et al. 2016a,b), which allows real-time visualisation of leaf embolism in situ. 81 
The controversies surrounding hydraulic measurements and their interpretation are best 82 
exemplified by the case of laurel (Laurus nobilis L.), a long-vesseled Mediterranean species. 83 
Two decades of experiments have not produced a consensus regarding the resistance of this 84 
species to drought-induced xylem embolism or its ability to refill embolised conduits. Based on 85 
techniques such as bench dehydration (Hacke and Sperry 2003; Salleo and Lo Gullo 1993; 86 
Salleo et al. 2000; Trifilò et al. 2014a), air injection (Salleo et al. 1996; Salleo et al. 2004; Tyree 87 
et al. 1999), and centrifugation (Cochard 2002), laurel undergoes 50% loss of hydraulic 88 
conductivity (Ψ50) at xylem pressures ranging from -1.5 (Salleo et al. 2009) to -2.4 MPa 89 
(Cochard et al. 2002; Salleo and Lo Gullo 1993). As a result, laurel has been thought to be 90 
highly vulnerable to embolism. Indeed, this has been supported by the fact that additional 91 
experiments reported the presence of embolism repair mechanisms, such as daily vessel 92 
refilling, which would allow the species to endure the regular water stress periods that 93 
characterize Mediterranean plants (Salleo et al. 1996; Trifilò et al. 2014a,b; Tyree et al. 1999). 94 
However, there is no direct, visual evidence for embolism repair in intact laurel plants (Knipfer 95 
et al. 2017) while many measurements on Laurus nobilis may suffer from artefacts associated 96 
with cutting stems prior to measurement (Torres-Ruiz et al. 2015; Wheeler et al. 2013). Both 97 
the ‘open-vessel’ and ‘cutting’ artefacts may lead to an overestimation of embolism when using 98 
standard hydraulic methods to determine vulnerability of long-vesseled species (Choat et al. 99 
2010; Cochard et al. 2010; Torres-Ruiz et al. 2017; Wheeler et al. 2013). Direct microCT 100 
observations also showed that the pressures inducing embolism in xylem vessels of excised 101 
laurel shoots were below -3 MPa, with only 30% loss of hydraulic conductivity reached at -6 102 
MPa (Cochard et al. 2015). This view was questioned by Nardini et al. (2017), whose microCT 103 
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based vulnerability curve for cut laurel segments was similar to those previously determined 104 
with classical hydraulic measurements, showing 50% loss of hydraulic conductance at a xylem 105 
pressure of -3.5 MPa. 106 
The lack of consensus regarding vulnerability to embolism in long-vesseled species such as 107 
laurel may result from the fact that until now both hydraulic techniques and direct visualisation 108 
have mainly been conducted on cut branches. The purpose of this study was to resolve the 109 
hydraulic properties of this species by documenting vulnerability curves of different organs in 110 
intact plants. Our approach was twofold: (i) determining stem vulnerability to embolism by 111 
scanning intact laurel seedlings at microCT facilities, and (ii) quantifying leaf vulnerability to 112 
embolism of intact plants using the optical vulnerability technique (Brodribb et al. 2016a,b). 113 
Those non-invasive and real time assessments of drought-induced embolism were finally 114 
coupled with flow-centrifuge measurements conducted on 1-m long branches and supposed to 115 
overcome the ‘open-vessel’ artefact. The results provide novel information about the resistance 116 
to embolism for this species, and indirectly evaluate whether embolism formation and repair 117 
occur routinely, i.e. at low xylem tensions. 118 
 119 
Material and Methods 120 
Stem vulnerability to embolism 121 
X-ray microtomography 122 
Direct visualisations of embolised xylem vessels in the main stems of intact laurel plants were 123 
carried out during two tomography campaigns. The first was conducted in August 2015 at the 124 
Centre for X-ray Tomography of Ghent University (UGCT; Belgium), while the second was 125 
undertaken in May 2016 at the SOLEIL Synchrotron (France).  126 
For the first campaign, twenty 1-year-old seedlings from PlanFor nursery (Uchacq-et-127 
Parentis, France) were repotted in May 2015 into 1-L pots and grown for two months under 128 
well-watered conditions at the facilities of Ghent University. During the experiment, eight 129 
seedlings were uprooted with bagged roots and leaves to avoid water losses by transpiration. 130 
At the time of scanning, laurel individuals were 0.3 m tall and 3 to 5 mm wide at the stem base. 131 
Tomographic observations were conducted using the High-Energy CT system Optimized for 132 
Research (HECTOR scanner), which was equipped with a 240 kV X-ray tube (X-ray WorX, 133 
Garbsen, Germany) and a 1620 flat-panel detector (PerkinElmer, Waltham, MA, USA) 134 
(Masschaele et al. 2013). Plants were installed on a stage immobilizing the stems and scanned 135 
7 
 
just above soil surface at 90 kV. Each scan took ca. 25 min for each sample and yielded a stack 136 
of 2,000 TIFF image slices. On average, each stem section was scanned three times at different 137 
levels of dehydration as repeated scans at the same scan point have been shown to not cause 138 
cavitation in dehydrating samples (Choat et al. 2016). The scans were reconstructed with the 139 
Octopus Reconstruction software package (Dierick et al. 2004; Vlassenbroeck et al. 2007; 140 
licensed by InsideMatters: www.insidematters.eu), providing images with a 5.12 μm3 voxel 141 
resolution. 142 
The second set of tomographic observations was conducted at the SOLEIL microCT 143 
PSICHÉ beamline (King et al. 2016). The main stem of six 3-year-old and 2 m tall intact laurels 144 
from Le Lann nursery (Gradignan, France) was scanned using a high flux (3.1011 photons mm-145 
1) 25 keV monochromatic X-ray beam, while being rotated from 0° to 180° using a continuous 146 
rotation mode. Thanks to the high load capacity and free central aperture of the rotation stage, 147 
imaging cross sections were also selected near the middle of the main stems, i.e. at 1 m above 148 
the stem base. Dehydration was progressively induced in the six plants by stopping irrigation 149 
and exposing them to a fan to accelerate the process. X-ray projections were collected with a 150 
50-ms exposure time during rotation and recorded with an Orca-flash sCMOS camera 151 
(Hamamatsu Photonics K.K., Naka-ku, Japan) equipped with a 250 µm thick LuAG scintillator. 152 
The scan time was 75 s for each sample and yielded a stack of 1,500 TIFF image slices. Each 153 
stem section was scanned at the same location two to three times throughout dehydration of the 154 
laurel individuals. Tomographic reconstructions were conducted using the Paganin method 155 
(Paganin et al. 2002) in PyHST2 software (Mirone et al. 2014) and resulted in 2-bit volumic 156 
images with a 3.02 μm3 voxel resolution. Finally, tomography observations at the SOLEIL 157 
facility were also conducted on five 80-cm long branches, cut in air from the same set of well 158 
hydrated 3-year-old seedlings and left on the laboratory bench to dehydrate. One cross section 159 
was randomly selected at an internode located near the middle of each segment, i.e. ca. 40-cm 160 
away from the cut end, and all leaves situated both below and above this internode were 161 
preserved. 162 
Stem water potential (Ψstem) was measured the same way in both campaigns and for both 163 
intact plants and cut branches. Specifically, Ψstem was monitored before each scan (n = 31 and 164 
32 for a total of 14 intact plants and 5 cut branches, respectively) with a Scholander pressure 165 
bomb (Model 1000, PMS Instrument, Albany, OR, and SAM Precis, Gradignan, France) using 166 
a leaf located below the scanned area and that had been covered for at least two hours with 167 
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aluminium foil and wrapped in a plastic bag. We intentionally limited our water potential 168 
measurements to measurements on a single leaf located below the scanned area to avoid (i) 169 
potential air-entry via cut petioles, which was shown to be an artefact for Quercus robur (Choat 170 
et al. 2016) and (ii) an underestimation of the water potential at the scan location since there 171 
can be a strong hydraulic disconnection between the base of the stem and the top leaves after a 172 
certain amount of xylem embolism (Charrier et al. 2016).  173 
Measurements were conducted for each scan from a transverse cross section taken from the 174 
center of the scan volume. The theoretical hydraulic conductivity of a whole cross section (kh) 175 
was determined by calculating the individual area and diameter of both air- and water-filled 176 
vessels. Vessel visualisation, i.e. the distinction between functional vessels from non-functional 177 
xylem conduits and fibers, and vessel diameter calculation were facilitated by using a final scan 178 
(‘final cut’) that was generated for each stem section (Fig. S1). Final cuts represented scans 179 
performed after samples were cut in air ca. 2 mm above the corresponding scanned stem 180 
volume, and where functional vessels with sap under tension immediately filled with air. 181 
Measurements were conducted manually with ImageJ software (National Institute of Health, 182 
New York, NY, USA), focusing only on secondary xylem given that primary xylem had 183 
previously become embolised in most cases (Choat et al. 2016). The theoretical hydraulic 184 
conductivity (kh, m
2 MPa-1 s-1) of air-filled vessels of each cross section was calculated as: 185 
                                                                 kh = ΣπD4/128ƞ                                                        (1) 186 
, where D is the diameter of vessels (m) and ƞ is the water viscosity (1.002 mPa s-1 at 20°C). 187 
The theoretical loss of hydraulic conductivity (PLC, %) was then determined as: 188 
                                                            PLC = 100.(kh/kmax)                                                      (2) 189 
, where kmax represents the theoretical hydraulic conductivity of all functional vessels as based 190 
on a cross section after the final cut. 191 
 192 
In situ flow-centrifuge technique (CAVITRON) 193 
Stem vulnerability to embolism was also measured using the Cavitron technique (Cochard 194 
2002; Cochard et al. 2005). Measurements were conducted between March and May 2016 at 195 
the high-throughput phenotyping platform for hydraulic traits (Caviplace, University of 196 
Bordeaux, Talence, France) on seven branches collected from mature laurel individuals (one 197 
branch sampled per individual) growing at the Domaine du Haut-Carré woodland in the 198 
University of Bordeaux campus (lat: 44.8089479, lon: -0.5955238). Prior to the main 199 
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experiment, we had sampled seven additional branches to assess whether we were able to 200 
construct vulnerability curves using either the standard (27-cm large rotor) or the medium (42-201 
cm large rotor) Cavitron. In both cases, the VCs obtained did not present stable values of stem 202 
hydraulic conductivity (ks, m
2 MPa-1 s-1) at high xylem pressure due to the ‘open-vessel’ artefact 203 
(e.g. length of 20% of vessels exceeded the rotor diameter as described in the Results section), 204 
and we therefore could not use these curves to estimate the maximum ks and thus the PLCs (Fig. 205 
1) (Torres-Ruiz et al. 2014; Torres-Ruiz et al. 2017). To overcome this issue, we consequently 206 
used a Cavitron which is equipped with a 100-cm diameter rotor (DG-MECA, Gradignan, 207 
France) driven by an electronically controlled motor, and which proved successful when testing 208 
embolism vulnerability in long-vesseled species such as grapevine (Charrier et al. 2018). 209 
Sampling of 2.5-m long branches was carried out at early morning before transpiration resumes 210 
in order to avoid high xylem tensions and to minimize the induction of artefactual xylem 211 
embolism (Torres-Ruiz et al. 2015; Wheeler et al. 2013). Stems were wrapped with moist paper 212 
and conditioned with plastic bags to avoid any water loss by transpiration. They were 213 
immediately brought back to the laboratory where they were kept in water for stem relaxation 214 
during ca. 1 h. At the time of measurements, branches were cut under water to a standard length 215 
of 1 m, with both ends trimmed with a razor blade and debarked over 15 cm. Samples were not 216 
flushed with water in order to avoid possible effects of air-seeding fatigue due to a stretching 217 
or degradation of the pit membranes during previous embolism events (Li et al. 2016; Zhang et 218 
al. 2017). A solution of ultrapure and deionized water containing 10 mM KCl and 1mM CaCl2 219 
was used as reference ionic solution. Preliminary tests indicated that no change in ks was 220 
observed between 0 and -2 MPa. Therefore the centrifuge rotation speed was initially set to 221 
induce a xylem pressure of -0.8 MPa before being gradually increased to lower xylem pressures 222 
by -0.5 MPa. Hydraulic conductivities at every rotation speed (ki, m
2 MPa-1 s-1) were measured 223 
using the Cavisoft software (v. 5.2, University of Bordeaux). The percentage loss of hydraulic 224 
conductivity (PLC) was determined at each pressure as follows: 225 
                                                           PLC = 100.(1-ki/kmax)                                                    (3) 226 
, where kmax represents the maximum hydraulic conductivity measured at the first induced 227 
xylem pressure. 228 
 229 
Leaf vulnerability to embolism 230 
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The accumulation and spread of embolism in leaves throughout dehydration was monitored 231 
between February and April 2016 on four 3-year-old and 2 m tall potted laurels that came from 232 
the same set of plants used at the SOLEIL Synchrotron. Seedlings were kept well-hydrated 233 
prior to measurements. During the experiment, the intact laurel seedlings were uprooted with 234 
bagged roots and leaves to avoid water loss by transpiration. Bags were removed once the 235 
scanned leaf and the psychrometers (see below) were installed. Embolism formation was 236 
recorded in dehydrating leaves using the optical method (see www.opensourceov.org for details 237 
and overview). For each individual, a mature leaf attached to the parent plant was placed on a 238 
scanner (Perfection V800 Photo, EPSON, Suwa, Japan) and fixed with a transparent glass and 239 
adhesive tape to avoid as much leaf shrinkage as possible during plant desiccation. Scan 240 
magnification was set with the Epson scanner software to give sufficient resolution of both 241 
midrib and at least eight major (2nd order) veins. The following settings were selected: film 242 
(with film area guide) as document type, color positive film as document source, 8-bit grayscale 243 
as image type, and a 2400 dpi resolution. Brightness and contrasts as well as leaf scanned area 244 
were adjusted to optimize visualisation of embolism events and provide images not exceeding 245 
9 Mb each. Each leaf was automatically scanned every three minutes using a computer 246 
automation software (AutoIt 3) until mesophyll cells were observed to turn from green to brown 247 
indicating cell death. Intact laurels were considered dead after four to eleven days of desiccation 248 
in a room heated at 26 °C when we observed permanent and pronounced leaf damage, which 249 
occurred at Ψleaf < -9 MPa. At the end of optical measurements, the stacks of captured images 250 
comprised 1,915 to 5,509 scans.  251 
Stem and leaf water potential were continuously monitored throughout plant dehydration 252 
using psychrometers (ICT International, Armidale, NSW, Australia), which were respectively 253 
installed on the main seedling stem (Ψstem) and on a leaf (Ψleaf) adjacent to the scanned one. 254 
Ψstem and Ψleaf were automatically recorded every 30 minutes. The accuracy of psychrometer 255 
readings was also cross-validated four to six times a day by Ψleaf measurements on adjacent 256 
leaves that had been covered for at least two hours with aluminium foil and wrapped in a plastic 257 
bag using a Scholander pressure bomb (SAM Precis, Gradignan, France). 258 
Stacks of images were analysed using ImageJ software. The ‘StackReg’ function was first 259 
used to align the scan sequence, i.e. to reduce leaf movements which occurred during 260 
desiccation. The image subtraction method was then applied to reveal changes in light 261 
transmission between successive images, which corresponded to embolism in xylem conduits 262 
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of leaf veins. A new stack of images was created, from which three ‘Regions Of Interest’ were 263 
drawn, corresponding to the different vein orders studied, namely midrib, major (2nd) and minor 264 
(3rd and lower order) veins. After smoothing all images, the ‘Analyze Particles’ function was 265 
used to measure the area of embolised pixels in each image for each vein order. To do so, a 266 
threshold of embolised pixels was set, above which pixel numbers and areas were counted for 267 
each image. This function also allowed the removal of noise related to leaf mesophyll cell death. 268 
All embolised pixels were finally summed for each vein order to determine the spread of 269 
embolism over time and represent the maximum percentage of embolised pixels at a given scan 270 
time. An optical vulnerability curve was also determined by representing embolism spread as a 271 
function of Ψleaf (see following section). 272 
 273 
Vulnerability curve fitting 274 
Vulnerability curves, corresponding to percentage loss of hydraulic conductivity (for microCT 275 
and centrifugation techniques) or percentage embolised pixels (for the optical vulnerability 276 
technique) as a function of stem water potential, were fitted using the NLIN procedure in SAS 277 
9.4 (SAS, Cary, NC, USA) based on the following equation (Pammenter and Van der Willigen 278 
1998): 279 
                                             PLC = 100/(1+exp(S/25.(Ψ-Ψ50)))                                               (4) 280 
, where Ψ50 (MPa) is the xylem pressure inducing 50% loss of hydraulic conductivity and S (% 281 
MPa-1) is the slope of the vulnerability curve at the inflexion point. The xylem pressures 282 
inducing 12% (Ψ12) and 88% (Ψ88) loss of hydraulic conductivity were calculated as follows: 283 
Ψ12 = 50/S+Ψ50 and Ψ88 = -50/S+Ψ50. One vulnerability curve was obtained per individual for 284 
each method (i.e. the Pammenter model was fitted on each vulnerability curve in order to get a 285 
Ψ50 and slope value per individual and subsequently an average value per method), with the 286 
exception of the microCT observations on intact laurels for which the curve was generated 287 
directly from all the single scans. 288 
 289 
Maximum and mean vessel length 290 
Vessel length was determined for five fresh laurel branches that were similar to those used for 291 
the in situ flow-centrifuge measurements mentioned below, using the ‘air injection’ method 292 
with slight modification from (Wang et al. 2014). Briefly, compressed air was delivered from 293 
an air compressor (Nuair, Saint-Quentin-Fallavier, France) to the basal end of branches (130-294 
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250 cm long and 15-20 mm in basal diameter). The incoming air flow (Q, L.min-1) from the 295 
compressor was measured with an in-line, low pressure drop flow-meter (El-flow select F110, 296 
Bronkhorst, The Netherland). The air pressure, set at 1.80 bars (e.g. 15 times below the air-297 
seeding threshold (Jansen et al. 2009), was monitored as the sample distal end was cut to 298 
consistent lengths using an analog manometer connected just before the sample basal end. This 299 
process took less than 10 min per branch, thus avoiding pit membrane dehydration with 300 
shrinkage and artificially enlarged pores as possible consequences. Computation of mean vessel 301 
lengths were performed from the air flow and sample lengths according to (Cohen et al. 2003). 302 
 303 
Minimum midday water potential (Ψ) 304 
We monitored minimum midday water potentials (Ψ) throughout the summer 2017 on a total 305 
of 12 mature laurel individuals growing at the Domaine du Haut-Carré woodland of the 306 
University of Bordeaux, including the seven individuals that were sampled for the in situ flow-307 
centrifuge measurements. Ψ measurements were conducted between 12:45 and 13:15 pm on a 308 
weekly basis. One leaf located in the tree crown was sampled per individual and immediately 309 
placed in a plastic bag where air was kept saturated to prevent transpiration. Measurements 310 
were carried out in the laboratory 10 to 20 min after leaf sampling using a Scholander pressure 311 
bomb (SAM Precis, Gradignan, France). 312 
 313 
Statistical analyses 314 
Difference in Ψ50, Ψ12, Ψ88 and S values estimated from the three methods were tested with a 315 
one-way analysis of variance and Bonferroni pairwise post hoc tests using the ANOVA 316 
procedure in SAS (version 9.4, SAS Institute, Cary, NC, USA). 317 
 318 
Results 319 
Maximum and mean vessel length 320 
Vessel length measurements based on the air injection method revealed that the longest vessels 321 
for the five sampled branches were 104 ± 7 cm long, with a mean vessel length of 32 ± 3 cm. 322 
These results shed light on our inability to properly estimate PLCs using standard (27-cm rotor) 323 
or medium (42-cm rotor) Cavitrons as reported in Fig. 1. 324 
 325 
Stem vulnerability to embolism 326 
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MicroCT observations on intact laurel plants revealed a low level of ‘native’ embolism (~ 2-327 
13%) down to -6 MPa (Fig. 2; see Fig. S2 for raw images). At more negative Ψstem, the amount 328 
of embolised vessels substantially increased leading to 50% embolism at around -8 MPa (Table 329 
1, Figs 3 and S3a). There was no difference in the level of embolism between 1- and 3-year-old 330 
laurel seedlings from the two experiments (Figs 2 and S3a). In contrast, microCT observations 331 
on cut branches showed (i) up to 50% native embolism at 80 cm above the cut, and (ii) that the 332 
number of air-filled vessels increased at a much higher water potential, with 20-25% embolism 333 
observed at ca. -3 MPa and 80 to 90% around -6 MPa (F = 10.95, P = 0.0297; Table 1, Figs 3 334 
and S3b).  335 
Vulnerability curves generated with the in situ flow-centrifuge showed moderate variability 336 
among individual trees, with Ψ50 ranging from -8.3 to -9.7 MPa (Fig. S4). The sigmoidal shape 337 
of the vulnerability curve obtained with the centrifugation technique closely matched that 338 
obtained with X-ray microCT (F = 3.61, P = 0.1063; Table 1, Fig. 3). 339 
 340 
Leaf vulnerability to embolism 341 
None or few embolism events were detected at the beginning of plant dehydration (i.e. at high 342 
water potentials; e.g., down to -3 MPa). The spread of embolism was temporally heterogeneous 343 
across laurel individuals: the onset of embolism was recorded 4 to 140 h after uprooting the 344 
seedlings (Fig. S5a), while the time needed to produce 12% of embolism (Ψ12) ranged between 345 
53 and 166 h. Despite the large temporal variation in embolism formation between individuals, 346 
this variation disappeared when cumulative embolism curves were expressed in terms of water 347 
potential (Fig. S5b). While water potential decreased during desiccation, the amount of 348 
embolism continuously increased (Fig. S6). The spread of cumulative embolisms followed a 349 
sigmoidal function for all individuals when plotted against leaf water potential (Fig. 3). While 350 
Ψ12 was reached at Ψleaf ranging from -4.5 to -8.04 MPa, the final embolism events were 351 
recorded at Ψleaf between -8 to -10 MPa (Fig. 4). On average, the vast majority of embolism 352 
formation in leaves occurred over a narrow range of Ψleaf. Overall, water potentials required to 353 
induce 50% of the total amount of embolism in leaves of intact laurels were significantly similar 354 
to the Ψ50 values obtained for the main stems of intact individuals based on microCT (F = 3.61, 355 
P = 0.1063; Table 1; Fig. 3). Embolism was clearly visible in midrib, major and minor veins, 356 
and these all showed similar vulnerability to embolism (F = 0.08, P = 0.9216; Fig. 5) and 357 
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experienced multiple embolism events (Fig. 4, as shown by the accumulation of different 358 
colors). 359 
 360 
Minimum midday water potential (Ψ) 361 
The 12 mature laurel trees monitored experienced on average minimum midday Ψ values close 362 
to -3 MPa during the entire summer of 2017, with some individuals showing Ψ down to -4.2 363 
MPa (Fig. S7a). While this season was relatively dry with temperature and precipitation in July 364 
and August being respectively above and below-average compared to the decade average (Figs 365 
S7b and S7c), it did not represent an extreme drought year (no branch mortality was observed). 366 
 367 
Discussion 368 
Direct visualisation of xylem embolism formation in stems and leaves of intact laurels provided 369 
strong evidence that this species is much more resistant to embolism than previously reported 370 
and illustrates that xylem hydraulic failure in this species only occurs under severe drought 371 
(Delzon and Cochard 2014). This finding is consistent with Cochard et al. (2015) whose 372 
microCT observations also showed that no drought-induced xylem embolism occurred within 373 
the normal operating range of xylem pressures. The seasonal minimum water potential obtained 374 
during the summer of 2017 was similar to the water potential causing leaf turgor loss (Ψtlp = -375 
3.5 MPa) observed over the course of a year at two sites in Greece (Rhizopoulou and Mitrakos 376 
1990), which confirms that the drought conditions were moderate that year. It also indicates 377 
that even during a moderate dry summer season, laurel reaches water potentials in the field 378 
which are much more negative than the Ψ50 reported in the previous studies, which would lead 379 
to negative hydraulic safety margins. Yet, we found that the seasonal minimum water potential 380 
was always higher (less negative) than the Ψ50 values obtained in this study on both stems and 381 
leaves, suggesting that laurel can potentially sustain significantly drier conditions before 382 
hydraulic failure. As a consequence, laurel is expected to display a positive hydraulic safety 383 
margin (defined here as the difference between Ψmin and Ψ50) at least under non-extreme 384 
drought periods, although such a margin is known to vary substantially as a function of the 385 
variation in soil water potential throughout the species’ distribution range (Benito Garzón et al. 386 
2018). Like laurel, other taxa originating from the Tertiary Period tropical and subtropical flora 387 
exhibit large positive safety margins with highly embolism-resistant xylem despite seasonal 388 
minimum water potentials not approaching Ψ50 values. This is for instance the case in the 389 
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Callitris clade where species exhibit extreme Ψ50 records (C. tuberculata: Ψ50 = -19 MPa and 390 
genus mean Ψ50 = -12 MPa; Larter et al. 2015; Larter et al. 2017) while midday Ψ values 391 
monitored over two years at four sites in Australia did not go over -6.2 MPa (Brodribb et al. 392 
2013). These findings are in line with Martin-StPaul et al. (2017) who showed that safety 393 
margins increases with increasing embolism resistance. 394 
The high resistance to xylem embolism observed in both seedling and adult laurels is 395 
consistent with the fact that this species, like other Mediterranean species, displays thicker 396 
intervessel pit membranes compared to species from mesic temperate forests (Jansen et al. 397 
2009). Thick intervessel pit membranes are indeed a critical determinant of embolism resistance 398 
in the xylem of angiosperms (Li et al. 2016), probably thanks to their longer pore pathways for 399 
air-seeding, while pit membrane thickness will also increase tortuosity (defined as the ratio of 400 
the length of a flow path through pit membrane to the width of the pit membrane; Vallabh et al. 401 
2011). Our findings may explain why laurel, contrary to other Tethyan subtropical taxa, 402 
succeeded in surviving the climatic fluctuations that occurred since the Pliocene (Svenning 403 
2003), and why it is currently distributed throughout the Mediterranean Basin where drought 404 
events are frequent and intense. Finally, our measurements obtained from three independent 405 
methods conducted both on stems and leaves converged to the same conclusion that laurel is 406 
highly resistant to xylem embolism independently of the development age. The slight difference 407 
in Ψ50 between laurel seedlings and adults likely results from the use of different plant materials, 408 
highlighting a possible ontogenic effect, i.e. increased embolism resistance over the course of 409 
plant development, as observed in Vitis (Charrier et al. 2018; Choat et al. 2010). 410 
Importantly, our study casts doubts on the reliability of Ψ50 values of ca. -2 MPa documented 411 
for this species from standard hydraulic methods (Cochard 2002; Hacke et al. 2003; Salleo and 412 
Lo Gullo 1993; Salleo et al. 1996; Salleo et al. 2009). The discrepancy between the Ψ50 reported 413 
here and these previous studies may be explained by the different artefacts that have been 414 
described when determining resistance to embolism of long-vesseled species such as laurel 415 
(Choat et al. 2010; Martin-StPaul et al. 2014; Torres-Ruiz et al. 2017; Wheeler et al. 2013; but 416 
see Trifilò et al. 2014; Venturas et al. 2015). The use of branches cut shorter than the maximum 417 
vessel length for the species can lead to an overestimation of vulnerability to embolism in some 418 
species (Torres-Ruiz et al. 2015). Even microCT observations on excised shoots of laurel can 419 
result in a less negative Ψ50 value of -3.5 MPa (Nardini et al. 2017) and -4.0 MPa (this study), 420 
irrespective of the sample length used. In these cases, higher Ψ50 values may originate from 421 
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artefactual increases in the number of embolised vessels caused by the sample preparation, 422 
resulting in up to 50% native embolism as observed in Nardini et al. (2017) and for one cut 423 
branch in our case. For the four other cut branches in our study however the amount of native 424 
embolism was low and similar to what was found for intact plants. Higher reported Ψ50 values 425 
could also be obtained because cut segments may facilitate dehydration of intervessel pit 426 
membranes in cut-open vessels, which leads to shrinkage and pit membrane damage and 427 
therefore faster spreading of embolism beyond the maximum vessel length (Hillabrand et al. 428 
2016; Li et al. 2016; Zhang et al. 2017). Finally, xylem tension was relaxed in 2-m long stems 429 
prior to sample excision and in situ flow-centrifuge measurements (Torres-Ruiz et al. 2015; 430 
Wheeler et al. 2013), leading to a good agreement in the Ψ50 value between this hydraulic 431 
technique and microCT observations on intact plants. Such proper relaxation cannot be 432 
achieved for branches that are desiccated on the bench and regularly scanned on the X-ray stage, 433 
adding more uncertainty to the estimation of xylem embolism vulnerability using cut segments. 434 
Another explanation for the difference in Ψ50 between this study and previous reports could 435 
be intraspecific variability (including genetic differentiation and phenotypic plasticity). Indeed, 436 
phylogeographical reconstructions revealed that refugia within the Mediterranean Basin and 437 
Macaronesian Islands helped the species to persist through unsuitable Pleistocene climate, 438 
leading to some degree of genetic differentiation between populations (Arroyo-Garcia et al. 439 
2001; Rodríguez-Sánchez et al. 2009). Recent work in this regard has produced mixed results 440 
to date, with studies showing little but significant intraspecific variations in Pinus halepensis 441 
(David-Schwartz et al. 2016) and Fagus sylvatica (Schuldt et al. 2016; Stojnic et al. 2018) but 442 
not in other species (e.g. in Pinus pinaster and four Pinaceae species (Bouche et al. 2016b; 443 
Gonzalez-Munoz et al. 2018; Lamy et al. 2011; Lamy et al. 2014). However, even when 444 
significant intraspecific variability is much lower than the variability between species and is 445 
therefore unlikely to explain the more than 6 MPa discrepancy in Ψ50 values across studies. 446 
Similarly, this large discrepancy is unlikely to originate from the use of different plant materials 447 
across experiments. Although previous studies (Cochard 2002; Hacke and Sperry 2003; Salleo 448 
et al. 2004; Tyree et al. 1999) were conducted on small and/or young terminal twigs of adult 449 
laurels while our data were gathered on plant materials at different development stages (i.e. on 450 
both intact seedlings and large branches sampled from adult trees), all our results point toward 451 
the same high level of embolism resistance regardless of age. 452 
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Our findings bring into question the necessity of a repair mechanism for embolised vessels 453 
while xylem is under tension (Nardini et al. 2008; Tyree et al. 1999). Several studies previously 454 
suggested that Laurus nobilis can recover from widespread xylem embolism while water 455 
potentials range between -0.5 MPa (Hacke and Sperry 2003) and -1.5 MPa (Salleo et al. 1996; 456 
Trifilò et al. 2014b). However, our microCT observations on intact laurels indicate that the level 457 
of embolism in stems at such water potentials remains near zero and that no refilling mechanism 458 
would be required. In fact, the high level of native xylem embolism (up to 50%) at water 459 
potential near 0 MPa reported by Nardini et al. (2017) in branches that were previously 460 
rehydrated to favour refilling also suggests an absence of any such refilling. It indicates once 461 
again that X-ray observations carried out on short cut segments are not immune to artefactual 462 
increases of PLC values during sample preparation. Our results concur with direct 463 
microtomography observations that xylem refilling is negligible in intact laurel saplings 464 
(Knipfer et al. 2017) and does not occur as long as bulk xylem pressure remains negative in 465 
Vitis vinifera (Charrier et al. 2016). The minimum midday Ψ values down to -4.2 MPa that were 466 
recorded over the 2017 summer dry season and the subsequent positive safety margin (i.e. 467 
minimum Ψ did not reach Ψ50) displayed by laurel in the field also suggest that embolism 468 
formation is unlikely to occur on a daily basis in this species. Overall, real-time, direct X-ray 469 
and optical observations in intact plants suggest that previous work that mostly used standard 470 
hydraulic techniques (Cochard 2002; Hacke and Sperry 2003; Salleo and Lo Gullo 1993; Salleo 471 
et al. 2004; Trifilò et al. 2014a) or even X-ray microCT (Nardini et al. 2017) on short cut 472 
segments likely reported artefactually-induced PLCs and refilling. We are consequently not 473 
aware of hydraulic studies supporting the existence of refilling in laurel.  474 
Direct visualisation of embolised vessels in stems and leaves revealed that xylem 475 
vulnerability to embolism (Ψ50) in laurel does not vary among organs. This finding suggests 476 
that the difference in embolism resistance between organs within a plant may not be the driving 477 
mechanism behind hydraulic segmentation, which posits that the more distal organs, such as 478 
leaves and roots, are more vulnerable to embolism than the proximal ones (Zimmermann 1983). 479 
A similar xylem embolism resistance across organs has also been reported in the herbaceous 480 
Solanum lycopersicum (Skelton et al. 2017) and in conifer species (Bouche et al. 2016a,b). 481 
However, different results have been found in various conifer species (Sperry and Ikeda 1997) 482 
and angiosperm species, such as Acer grandidentatum (Alder et al. 1996), Acer saccharum 483 
(Choat et al. 2005), Nothofagus spp. (Bucci et al. 2012) and Vitis vinifera (Charrier et al. 2016; 484 
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Hochberg et al. 2016). Whether hydraulic segmentation relies on differences in xylem 485 
embolism or not remains to be investigated in additional species. 486 
At the leaf level, our results strongly contrast with previous ultrasound acoustic emissions-487 
based measurements of leaf vulnerability to embolism in laurel, which reported a ‘cavitation 488 
threshold’ of ca. -0.50 MPa (Salleo et al. 2000; Salleo et al. 2001). This discrepancy may be 489 
due to the use of cut branches in the aforementioned studies, which led to artefactual increases 490 
in the amount of embolism at high water potential. Instead, our results suggest that stomatal 491 
closure, which occurs at ca. -2.5 MPa (Salleo et al. 2000), takes place far before embolism 492 
initiates, supporting recent findings that plants are generally conservative regarding their water 493 
use during drought periods (Hochberg et al. 2017; Martin-StPaul et al. 2017; Skelton et al. 494 
2017). In addition, we found no evidence for differences in vulnerability to embolism among 495 
leaf vein orders. This finding is not in line with the first optical vulnerability-based reports, 496 
which found that midribs embolise at higher water potentials than lower vein orders in ferns, 497 
deciduous species of Quercus, and herbaceous plants (Brodribb et al. 2016a,b; Scoffoni et al. 498 
2017; Skelton et al. 2017). Differentiation in xylem vulnerability among vein orders in leaves 499 
of evergreen angiosperms might differ, and further work should be devoted to this question.   500 
In conclusion, both X-ray microtomography and the optical vulnerability technique have 501 
recently emerged as prominent techniques to directly evaluate embolism formation in intact 502 
plants, thus avoiding artefacts related to embolism determination. While they can be viewed as 503 
baseline methods for validating indirect hydraulic measurements and constructing vulnerability 504 
curves, they especially offer the possibility to work directly on tall saplings and efficiently 505 
assess inter- and intra-organ embolism resistance (i.e. segmentation). Using these techniques 506 
on a panel of individuals varying in age, we found that Laurus nobilis L. is a highly resistant 507 
species to drought-induced embolism and that refilling of embolised vessels at relatively high 508 
water potentials is unlikely to explain its drought resistance and current geographic distribution. 509 
It is also worth noticing that both methods discard non-conductive fluid-filled conduits (i.e. 510 
those occluded by gels or tyloses) from analyses. In direct X-ray observations the percent loss 511 
of hydraulic conductivity is calculated from final cuts where only functional vessels are 512 
identified, while the optical technique relies on the change in light transmission between water- 513 
and gas-filled conduits and thus only highlights water-filled conductive vessels that become 514 
embolised through desiccation. The results finally showed that microCT observations are not 515 
immune to erroneous PLC determination when short, cut stem samples are used. Caution has 516 
19 
 
to be taken when using short, cut segments, which can be prone to artefacts. We therefore 517 
recommend direct quantification of spatial and temporal embolism patterns on intact plants. 518 
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Figure legends 840 
Figure 1. Vulnerability curves obtained with the standard (27-cm rotor) and medium (42-cm 841 
rotor) Cavitrons. 842 
 843 
Figure 2. Visualisation by X-ray microtomography (microCT) of xylem embolism in the main 844 
stem of a 3-year-old and 2 m tall intact Laurus nobilis seedling during dehydration. Images a, 845 
b and c show rates of embolism of 12, 15 and 25% at -0.92, -1.63 and -6.24 MPa, respectively 846 
in transverse stem slices. Embolised vessels were coloured in red while water-filled vessels 847 
appear in blue. Scale bar = 500 µm. The primary and juvenile xylem near the stem pith was 848 
ignored in our analyses. See Fig. S1 for the corresponding final scan and Fig. S2 for 849 
corresponding raw images (i.e. without vessels colored). 850 
 851 
Figure 3. Mean vulnerability curves (VCs) for each of the three independent methods applied 852 
on Laurus nobilis L. VCs are expressed either as percentage loss of hydraulic conductivity 853 
(PLC; microCT and CAVI1000) or percentage of embolised pixels (PEP; optical technique) as 854 
a function of xylem pressure. VCs from microCT observations were obtained on intact 855 
seedlings and 80-cm cut branches (n = 5). The VC generated from the centrifugation 856 
(CAVI1000) technique was obtained using 1-m long branches from adult laurels growing on 857 
the campus of the University of Bordeaux (n =  7). The optical technique was carried out on 858 
intact seedlings (n = 4). Shaded bands represent standard errors, and 50% loss in conductance 859 
is indicated by the horizontal dotted line. Note that the Pammenter model was first fitted per 860 
sample before calculating a mean Ψ50 and slope per method, with the exception of microCT 861 
observations on intact plants for which the model fit was added directly on all the single scans. 862 
See Figs S2, S3 and S4 for corresponding raw data. 863 
 864 
Figure 4. Digital representation of embolism spread throughout a leaf during the dehydration 865 
process of a 3-year-old and 2 m tall intact Laurus nobilis seedling. Images a-f result from the 866 
application of the ‘Analyze Particles’ function on the stack of substracted images (see the 867 
Material and Methods section for further information on the optical technique image analysis). 868 
A colour code was applied to represent the whole range of leaf water potential at which 869 
embolisms were recorded: blue: -5 to -6 MPa; green: -6 to -7 MPa; green yellow: -7 to -8 MPa; 870 
yellow: -8 to -9 MPa; orange: -9 to -9.5 MPa; dark orange: -9.5 to -10 MPa. No embolism was 871 
observed until a leaf water potential < -5.17 MPa was reached, which did not occur before 140 872 
27 
 
h of drying (a). The amount of embolism was (b) 6% after 153 h of drying, (c) 11% after 164 873 
h, (d) 16% after 179 h, (e) 61% after 196 h, and (f) 97% after 202 h. 874 
 875 
Figure 5. Mean vulnerability curves (VCs) for the different leaf vein orders of Laurus nobilis 876 
(n = 4 for midrib and major (2nd) veins and n = 3 for minor (3rd and lower order) veins). These 877 
VCs were obtained during intact plant dehydration using the optical vulnerability technique 878 
(Brodribb et al. 2016). See Fig. S5 for corresponding raw data (i.e. per individual). Shaded 879 
bands represent standard errors.  880 
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Tables 881 
Table 1. Mean values (± SE) of water potentials at which 12%, 50% and 88% loss of 882 
conductivity (microCT and CAVI1000 methods) and loss of embolised pixels (optical 883 
technique) occur in stems and leaves of Laurus nobilis L. seedlings. S is the slope of the fitted 884 
vulnerability curve and corresponds to the speed of embolism spread of a tangent at the 885 
inflexion point (Ψ50). Letters refer to Bonferroni tests of differences between means. 886 
 887 
Methods n Ψ12 (MPa) Ψ50 (MPa) Ψ88 (MPa) S (% MPa-1) 
MicroCT      
Intact plants - -5.37 ± 0.32ab  -7.94 ± 0.47a -10.51 ± 0.62ab 19.48 ± 6.13ab 
Cut branches 5 -1.60 ± 0.19b -4.04 ± 0.48b -6.48 ± 0.77c 22.33 ± 3.14a 
CAVI1000 7 -6.94 ± 0.73a -9.21 ± 0.23a -11.47 ± 0.35a 32.96 ± 9.00a 
Optical      
Midrib 4 -7.45 ± 0.81a -8.32 ± 0.35a -9.20 ± 0.52b 273.56 ± 181.44ab 
Major veins 4 -8.06 ± 0.19a -8.49 ± 0.26a -8.92 ± 0.37b 169.43 ± 55.06a 
Minor veins 3 -8.28 ± 0.25a -8.46 ± 0.34a -8.64 ± 0.47bc 1230.46 ± 632.26b 
888 
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